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ABSTRACT 

The termina 1 o r b i t  i n s e r t i o n  guidance maneuver f o r  t h e  Voyager 
m i s s i o n  was i n v e s t i g a t e d .  The s t u d y  c o n s i s t s  o f  two p a r t s ,  t h e  f i r s t  
a comparison of f o u r  types o f  p o s s i b l e  guidance laws i n  t e r m s  of 
p r o p e l l a n t  e f f i c i e n c y  w i t h  a n  optimum t h r u s t  program, t h e  second a n  
a n a l y s i s  o f  t h e  accuracy c h a r a c t e r i s t i c s  of  two o f  t h e s e  schemes. 
This  a n a l y s i s  was done by i n t r o d u c i n g  n a v i g a t i o n  and implementation 
e r r o r s  i n t o  t h e s e  two guidance laws and obse rv ing  t h e  r e s u l t i n g  
e r r o r  i n  t h e  parameters  o f  t h e  t e rmina l  o r b i t .  The g r a v i t y - t u r n  law 
and c o n s t a n t  d i r e c t i o n  i n  i n e r t i a l  space  law, which compared f avorab ly  
w i t h  t h e  optimum t h r u s t  program, were chosen from p a r t  one t o  b e  used 
i n  p a r t  two. Both laws responded adequa te ly  t o  t h e  induced e r r o r s  
w i t h o u t  c r i t i c a l  resu l t s .  It was concliided t h a t  t h e  p r e f e r r e d  law 
would probably be  t h e  c o n s t a n t  i n e r t i a l  law because i t  i s  t h e  e a s i e r  
t o  mechanize. 
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TECHNICAL MEMORANDUM X-53601 

A PRELIMINARY ANALYSIS OF ORBIT INSERTION 
GUIDANCE FOR THE VOYAGER MISSION 

SUMMARY 

The t e r m i n a l  o r b i t  i n s e r t i o n  guidance maneuver f o r  t h e  Voyager 
m i s s i o n  was i n v e s t i g a t e d .  The s tudy  c o n s i s t s  o f  two p a r t s ,  the f i r s t  
a comparison o f  f o u r  types  of p o s s i b l e  guidance laws i n  terms o f  
p r o p e l l a n t  e f f i c i e n c y  w i t h  an  optimum t h r u s t  program, t h e  second a n  
a n a l y s i s  of t h e  accuracy c h a r a c t e r i s t i c s  of two o f  t h e s e  schemes. This 
a n a l y s i s  w a s  done by i n t r o d u c i n g  n a v i g a t i o n  and implementat ion e r r o r s  
i n t o  t h e s e  two guidance laws and o b s e r v i n g  t h e  r e s u l t i n g  e r r o r  i n  t h e  
pa rame te r s  o f  the t e r m i n a l  o r b i t .  The g r a v i t y - t u r n  law and c o n s t a n t  
d i r e c t i o n  i n  i n e r t i a l  s p a c e  l a w ,  which compared f avorab ly  w i t h  t h e  
optimum t h r u s t  program, were chosen from p a r t  one t o  be  used i n  p a r t  
two. Both laws responded adequa te ly  t o  t h e  induced e r r o r s  w i t h o u t  
c r i t i c a l  r e s u l t s .  It was concluded t h a t  t h e  p r e f e r r e d  l a w  would 
p robab ly  b e  t h e  c o n s t a n t  i n e r t i a l  law because i t  i s  t h e  e a s i e r  t o  
mechanize. 

I .  INTRODUCTION 

With t h e  r a p i d  a d v e n t  o f  more ambi t ious  i n t e r p l a n e t a r y  space  
m i s s i o n s ,  the guidance mode r e q u i r e d  f o r  t h e  t r a n s f e r  from a n  approach 
hyperbola  t o  a n  e l l i p t i c a l  o r b i t  abou t  a p l a n e t  needs a d d i t i o n a l  
c o n s i d e r a t i o n .  This s t u d y ,  which concerns such a n  i n v e s t i g a t i o n ,  a l s o  
s e r v e s  i n  p a r t  t o  v e r i f y  t h e  r e s u l t s  o f  p rev ious  work done i n  t h i s  a r e a .  

The f i r s t  p a r t  o f  t h i s  s tudy  i s  concerned w i t h  t h e  q u e s t i o n  of  what 
guidance laws a r e  f e a s i b l e  i n  t e r m s  of p r o p e l l a n t  r equ i r emen t s  f o r  
i n s e r t i o n  i n t o  a t e r m i n a l  o r b i t  a b o u t  Mars. I n  a n  a t t e m p t  t o  answer 
t h i s  q u e s t i o n ,  a two-dimensional a n a l y s i s  was made by comparing t h e  
payload and r\V l o s s e s  f o r  each of  f o u r  types o f  guidance l a w s  w i t h  a n  
optimum t h r u s t  program. 
accu racy  s t u d y  f o r  two o f  t hese  laws a p p l i e d  to o r b i t  i n s e r t i o n  guidance.  
Each o f  t h e s e  two laws w a s  s imulated i n  a two-dimensional a n a l y s i s  w i t h  
induced n a v i g a t i o n  and implementation e r r o r s  , and t h e  r e s u l t i n g  e r r o r s  
i n  t h e  pa rame te r s  o f  t h e  terminal  e l l i p s e  were observed. A g r a v i t y - t u r n  
law and a c o n s t a n t  d i r e c t i o n  f ixed  i n  i n e r t i a l  s p a c e  law were s e l e c t e d  
from t h e  f i r s t  p a r t  t o  be  used a s  t h e  gu idance  laws i n  t h e  e r r o r  a n a l y s i s .  

The second p a r t  i s  a n  e r r o r  a n a l y s i s  and a n  



The r e s u l t s  of  t h e  f i r s t  p a r t  o f  t h e  s tudy  show t h a t  t h e  g r a v i t y - t u r n  
law g i v e s  the minimum l o s s e s  w i t h  r e s p e c t  t o  t h e  optimum t h r u s t  program. 
However, because of  t h e  sho r t -bu rn  a r c ,  a l l  t h r e e  non-optimum guidance laws 
compare very favorably  w i t h  t h e  optimum t h r u s t  program. The e r r o r  a n a l y s i s  
shows t h a t  both laws have p a r t i c u l a r  e r r o r s  which they t o l e r a t e  b e t t e r  than  
t h e  o t h e r  s o  t h a t  one may be  cons idered  j u s t  a s  a c c u r a t e  a s  t h e  o t h e r .  
The problem then  i s  reduced t o  a m a t t e r  o f  judgement, t he  d e c i d i n g  f a c t o r  
be ing  t h e  ease  wi th  which t h e  guidance law can be  mechanized. 

11. GENERAL DISCUSSION 

This r e p o r t  seeks  t o  i n v e s t i g a t e ,  n o t  i n  a h i g h l y  s o p h i s t i c a t e d  
s tudy  b u t  r a t h e r  i n  a s imple y e t  i n fo rma t ive  type of  s t u d y ,  two p r i n c i p a l  
ques t i o n s  : 

(1) Can a guidance law be found which i s  easy  t o  
mechanize and s t i l l  be f e a s i b l e  i n  terms of 
p r o p e l l a n t  used f o r  i n s e r t i o n  i n t o  a t e rmina l  o r b i t ?  

(2) I f  found, can such a law provide  the  necessa ry  
accuracy f o r  t he  m i s s i o n ?  

The methods of approach and t h e  answers t o  t h e s e  two q u e s t i o n s  a r e  g iven  
i n  t h e  fo l lowing  d i s c u s s i o n s .  

A .  COMPARISON OF GUIDANCE LAWS 

For t h i s  phase of  t h e  s t u d y ,  t h e  fou r  t h r u s t - v e c t o r  p o i n t i n g  
laws used a r e  d e s c r i b e d  a s  f o l l o w s :  

(1) The c a l c u l u s  of v a r i a t i o n s  optimum t h r u s t  program 

(2 )  Grav i ty - tu rn  ( t h e  t h r u s t - v e c t o r  r e v e r s e  and c o l l i n e a r  
t o  the  v e l o c i t y  v e c t o r )  

(3 )  Constan t  d i r e c t i o n  i n  i n e r t i a l  space  

( 4 )  Constan t  l o c a l  p i t c h  ( t h e  t h r u s t - v e c t o r  pe rpend icu la r  
t o  t h e  in s t an taneous  r a d i u s  v e c t o r ) .  

For  t h e  e n t i r e  s t u d y  a nominal e l l i p t i c a l  o r b i t  o f  1 ,000  by 10,000 
k i l o m e t e r s  was chosen.  Other  p e r t i n e n t  d a t a  f o r  t h e  s tudy  may be  found 
i n  Table  1. 
was chosen t o  be p e r i a p s i s ,  and t h e  C, f o r  t h e  nominal hyperbola  was 
chosen t o  be 10.356184 la2 /sec” . 

The nominal p o i n t  of i n s e r t i o n  i n t o  t h e  e l l i p t i c a l  o r b i t  
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T r a j e c t o r i e s  f o r  each  guidance law were gene ra t ed  by s t a r t i n g  a t  
p e r i a p s i s  on t h e  e l l i p s e  and i n t e g r a t i n g  backward u n t i l  t h e  C, ( t w i c e  
t h e  energy p e r  u n i t  mass) corresponding t o  t h e  approach hyperbola  was 
reached .  

The minimum v e l o c i t y  t r a n s f e r  f o r  each  guidance  law was found by 
b i a s i n g  each law by p l u s  and minus a few degrees  u n t i l  a minimum t i m e  
was found. The AV l o s s e s  o f  t h e  guidance law a r e  d e f i n e d  t o  b e  t h e  
minimum v e l o c i t y  t r a n s f e r  minus the minimum v e l o c i t y  r e q u i r e d  f o r  t h e  
optimum t h r u s t  program (see Table 2 ) .  

B. ERROR ANALYSIS 

The p r o p e l l a n t  e f f i c i e n c y  s t u d y  shows t h a t  t h e  g r a v i t y -  t u r n  
law and t h e  c o n s t a n t  i n e r t i a l  law compared most f avorab ly  w i t h  t h e  
optimum program. These two laws then  were chosen f o r  i n v e s t i g a t i o n  t o  
de t e rmine  how a c c u r a t e l y  t h e  d e s i r e d  o r b i t  i s  achieved  when e r r o r s  a r e  
induced i n t o  t h e  system. The four  sou rces  of  e r r o r s  cons ide red  a r e  
l i s t e d  a s  fo l lows:  

(1) E r r o r s  i n  t h e  magnitude of  t h e  impact  parameter  (B)  
(see F igure  l).. 

( 2 )  E r r o r s  i n  t h e  t ime o f  encounter  w i t h  t h e  p l a n e t  ( i n  t h i s  
c a s e  Mars). 

(3)  E r r o r s  i n  t h e  p a r a l l e l  component o f  t h e  s p e c i f i e d  
v e l o c i t y  increment .  

( 4 )  E r r o r s  i n  t h e  normal component o f  t h e  s p e c i f i e d  
v e l o c i t y  increment .  

The parameters  i n v e s t i g a t e d  w i t h  t h e  s i m u l a t i o n  of  t h e s e  e r r o r s  
a r e  t h e  changes i n  t h e  r a d i u s  of p e r i a p s i s  and apoaps i s  and t h e  
argument of  p e r i a p s i s  (w) of  the  nominal e l l i p s e .  

To s i m u l a t e  t h e  e r r o r  i n  the  magnitude of  t h e  impact  parameter  (B) ,  
i t  was necessa ry  t o  d e r i v e  a r e l a t i o n s h i p  between B and t h e  r a d i u s  
v e c t o r  t o  t h e  nominal p o i n t  f o r  s t a r t i n g  t h e  r e t r o - b u r n  i n t o  t h e  
e l l i p t i c a l  o r b i t .  
r e s u l t s  i n  a n  e r r o r  a t  a r r i v a l  a t  the c o r r e c t  p o s i t i o n  o f  t h e  nominal 
s t a r t i n g  p o i n t  f o r  t h e  r e t ro -burn .  
shown i n  F igu res  2 and 2A. 

I n  e s sence ,  t hen ,  a n  e r r o r  i n  t h e  magnitude of B 

The r e s u l t s  of  t h e s e  e r r o r s  a r e  

I n  s i m u l a t i n g  t h e  e r r o r s  i n  t h e  t i m e  o f  encounter  ( t h e  t i m e  a t  
which t h e  s p a c e c r a f t  a r r i v e s  a t  p e r i a p s i s  of  t h e  approach hyperbola  
w i t h o u t  t e r m i n a l  t h r u s t i n g ) ,  i t  was assumed t h a t  a t i m e  e r r o r  between t h e  

3 



nominal s t a r t i n g  p o i n t  f o r  r e t r o - b u r n  and t h e  t i m e  of encounter  maps 
over  1 t o  1. Therefore ,  t o  have a r e s u l t i n g  e r r o r  of 30 seconds i n  t h e  
t ime of encounter ,  i t  would be  necessary  t o  va ry  by 30 seconds t h e  t i m e  
t o  begin  the  r e t ro -burn .  The r e s u l t i n g  changes i n  t h e  nominal e l l i p t i c a l  
o r b i t  caused by e r r o r s  i n  t h e  t ime of encounter  a r e  shown i n  F igu res  3 
and 3 A .  

To induce a v e l o c i t y  e r r o r  i n  t h e  p a r a l l e l  component of  t h e  s p e c i f i e d  
v e l o c i t y  i n c r e m e n t ,  i t  was necessa ry  t o  s t a r t  a t  t h e  nominal s t a r t i n g  
p o i n t  f o r  the  r e t r o - b u r n  and va ry  t h e  t h r u s t  magnitude by c e r t a i n  
pe rcen tages .  T h e n , a t  c u t o f f  t i m e  ( i n s e r t i o n  p o i n t )  t h e  r e s u l t i n g  v e l o c i t y  
e r r o r s  can  be i n t e r p r e t e d .  E r r o r s  i n  t h e  p a r a l l e l  component of v e l o c i t y  
were taken  t o  correspond w i t h  c e r t a i n  a l lowab le  pe rcen tages  of  t h e  t o t a l  
s p e c i f i e d  r e t r o - v e l o c i t y  increment .  F igures  4 and 4 A  show t h e  changes 
i n  t h e  parameters  of  t h e  nominal e l l i p t i c a l  o r b i t  v e r s u s  p e r c e n t  changes 
i n  t h r u s t  magnitude. 

E r r o r s  i n  t h e  normal component of  t h e  s p e c i f i e d  v e l o c i t y  increment  
were s imula ted  by t h r u s t  misal ignment .  The t h r u s t - v e c t o r  a t  t he  nominal 
s t a r t i n g  p o i n t  f o r  r e t r o - b u r n  was misa l igned  i n  vary ing  d i r e c t i o n s  t o  
induce  some v e l o c i t y  i n  t h e  normal component, which i s  ze ro  under nominal 
c o n d i t i o n s  a t  t h e  i n s e r t i o n  p o i n t .  The e r r o r s  i n  t h e  normal component 
were a g a i n  taken t o  be c e r t a i n  a l lowab le  pe rcen tages  of t h e  t o t a l  
s p e c i f i e d  r e t r o - v e l o c i t y  increment .  These e r r o r s  then  a r e  r ep resen ted  
by e r r o r s  i n  t h e  p o i n t i n g  o f  t h e  t h r u s t - v e c t o r  a s  shown i n  F igures  5 and 5A. 

Tables  3 and 4 ,  which show t h e  r e s u l t s  t aken  from t h e  g raphs ,  
cor respond,  r e s p e c t i v e l y  , t o  t h e  maximum a l l o w a b l e  e r r o r s  (nav iga t ion  
and implementation e r r o r s )  and t h e  des ign  goa l  e r r o r s  s p e c i f i e d  f o r  t h e  
Voyager miss ion  i n  Reference 1. These t a b l e s  a l s o  compare t h e  g r a v i t y -  
t u r n  law and t h e  c o n s t a n t  i n e r t i a l  guidance law t o  de te rmine  which would 
g i v e  t h e  more a c c u r a t e  o r b i t  under t h e  i n f l u e n c e  of  t h e  s imula t ed  e r r o r s .  
Here a g a i n  p e r i a p s i s ,  a p o a p s i s ,  and argument of p e r i a p s i s  a r e  t h e  
p e r t i n e n t  parameters  t h a t  a r e  compared. 

111. CONCLUSIONS 

Many obse rva t ions  may be made from t h i s  s tudy .  F i r s t ,  f o r  t h e  
Voyager miss ion ,  i t  would seem t h a t  t h e  n a v i g a t i o n  and implementat ion 
e r r o r s  a s  s p e c i f i e d  by the  r ange  o f  a l lowab le  and des ign  g o a l  e r r o r s  
a r e  w i t h i n  the  c a p a b i l i t i e s  of  bo th  t h e  g r a v i t y - t u r n  law and c o n s t a n t  
i n e r t i a l  guidance law. It was observed t h a t  p e r i a p s i s  never  f a l l s  
below 630 k i lometers  f o r  any o f  t h e  maximum a l lowab le  e r r o r s ;  t h u s ,  
i t  i s  w e l l  above t h e  minimum a l t i t u d e  of t h e  500 k i lome te r s  r e q u i r e d  
f o r  q u a r a n t i n e  purposes .  
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Second, t h e  a n a l y s i s  o f  t h e  guidance laws i n d i c a t e s  t h a t  an  e a s i l y  
mechanized guidance law i s  s u f f i c i e n t  t o  perform the i n s e r t i o n  maneuver 
i n  a near-optimum f a s h i o n .  The optimum t h r u s t  program g i v e s  t h e  b e s t  
r e s u l t s ,  b u t  i t  i s  ve ry  d i f f i c u l t  and c o s t l y  t o  mechanize.  The g r a v i t y -  
t u r n  law g i v e s  r e s u l t s  very c l o s e  t o  optimum, b u t  i t  i s  a l s o  d i f f i c u l t  
t o  mechanize s i n c e  t h e  d i r e c t i o n  of  t h e  i n s t a n t a n e o u s  v e l o c i t y  v e c t o r  i n  
i n e r t i a l  space  must always be known. The c o n s t a n t  d i r e c t i o n  i n  i n e r t i a l  
s p a c e  g i v e s  t h e  n e x t  b e s t  r e s u l t s  (see Table  2) ,  which a r e  n o t  t oo  f a r  
from optimum. This  law i s  t h e  more e a s i l y  mechanized system, and s i n c e  
i t  g i v e s  approximately t h e  same a c c u r a c i e s  i n  t h e  e r r o r  a n a l y s i s ,  i t  
would probably be  p r e f e r a b l e .  
i n  t h e  h i g h e s t  performance l o s s e s .  

The c o n s t a n t  l o c a l  p i t c h  scheme r e s u l t s  

Th i rd ,  t h e  d e s i g n  and m a x i m u m  a l l o w a b l e  e r r o r s  seem t o  be  
t o l e r a t e d  by t h e  guidance laws wi thou t  any c r i t i c a l  r e s u l t s .  Other  
s t u d i e s  have suggested t h a t  a loose i n s e r t i o n  o r b i t  a b o u t  Mars which 
w i l l  be  compensated f o r  by o r b i t  t r i m  maneuvers w i l l  be  a l lowed.  I f  
t h i s  be t h e  c a s e ,  then t h i s  s tudy  i n d i c a t e s  t h a t  t h e  magnitude o f  t h e  
r e q u i r e d  r e t r o - v e l o c i t y  i n s e r t i o n  increment  f o r  o u r  nominal o r b i t  may 
be  s u f f i c i e n t l y  c o n t r o l l e d  by a t i m e r  t o  e f f e c t  c a p t u r e  r a t h e r  than 
by a n  a c c e l e r o m e t e r  f o r  t e rmina t ing  t h e  b rak ing  t h r u s t .  
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TABLE 1 

Guidance Law 
Losses  

( m / s )  

N /A 

0 

.1 

1 . 3  

3.3 

. 

Mass 
F r a c t i o n  

(Wf/W0 1 

.57934 

.57320 

.57318 

.57296 

.57257 
- 

1. Radius o f  Mars 

2 .  G r a v i t a t i o n  Cons tan t  f o r  Mars 

3. C, o f  Approach Hyperbola 

4 .  

5 .  Apoapsis A l t i t u d e  of Nominal E l l i p s e  

6 .  Thrus t  

7 .  S p e c i f i c  Impulse 

8 .  Weight i n  Terminal O r b i t  

P e r i a p s i s  A l t i t u d e  of  Nominal E l l i p s e  

3400 km 

42883 lun3 /set" 

10.356184 lun2 /sec2 

1000 km 

10,000 km 

7750 l b s  

300 sec. 

11,400 l b s  

9 .  Nominal Burn Time 330 sec. 

Guidance 
Law 

Impu 1 s i ve 

Optimum Thrus t  Program 

Gravi  ty-Turn 

Cons tan t  I n e r t i a l  D i r e c t i o n  

Cons tan t  Loca l  P i t c h  

TABLE 2 

Minimum 
T r a n s f e r  

h / s )  

1632.7 

1637.2 

1637.3 

1638.6 

1640.6 
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